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Studies in Drosophila support the view that a failure of
cohesion between sister chromatids may contribute
to meiotic nondisjunction in humans. Moreover, the
demonstration of a meiotic aneugen in mice provides
important clues to the higher frequencies of nondis-
junction observed in older women.
One of the most intriguing problems plaguing modern
meiotic biologists is the so-called ‘maternal age effect’
on meiotic nondisjunction in humans [1–3]. Simply put,
as human females age from 25 to 45, their risk of
producing eggs that are aneuploid for at least one
autosome increases by more than two logs. Much of
this increase reflects the failed segregation of those
chromosomes that either failed to crossover, or
recombined too distally to ensure segregation. Given
that these meiotic recombination events occurred, or
perhaps more accurately did not occur, while the
woman in question was still an unborn fetus, the issue
becomes: why do meiotic bivalents with absent or
misplaced exchanges fail to segregate from each
other more frequently in 45 year old women than they
do in 25 year old women?
One could imagine that the observed effect of
maternal age simply reflects a reduced ability of older
oocytes to facilitate the segregation of either non-
exchange or distal-only exchange bivalents. Indeed,
Drosophila researchers have shown that nonexchange
or distal-only exchange bivalents are segregated by a
separate meiotic process, referred to as either achias-
mate chromosome segregation or, more commonly,
distributive segregation [4–6]. In Drosophila, there are
at least two such systems: one that executes the
faithful segregation of achiasmate homologs, and
apparently reflects the ability of heterochromatic
pairing to effect centromere coorientation, and a
second system that appears to be less picky in
choosing partners and appears to act by ‘balancing’
un-conjoined chromosomes between the two poles.
Such distributive segregation systems have now
been demonstrated in a number of organisms, and are
often quite faithful. At least in Drosophila, however,
the distributive segregation systems are often easily
perturbed by virtually any mutation or agent that
disrupts the proper assembly or functioning of the
meiotic spindle. We could then just modify the
premise that began this paragraph by suggesting that
those systems that ensure the segregation of ‘no
exchange’ or ‘distal-only exchange’ bivalents in
human females are exquisitely sensitive to the defects
in chromosome congression and or spindle formation
that are known to be more common in older oocytes
[7–8]. This concept is consistent with the so-called
‘two hit’ model of maternal age dependent nondis-
junction, in which the first hit is failed or misplaced
meiotic exchanges (occurring in utero) and the second
hit reflects the misbehavior of such bivalents on the
compromised spindles of older oocytes [9,10].
The problems with such a hypothesis are twofold.
The first problem reflects the degree to which the
results of genetic studies on nondisjunction in model
organisms can be superimposed on this very human
phenomenon. If there are effects of aging on nondis-
junction in wild-type flies, they are quite weak. More-
over, although failures of the Drosophila distributive
system often lead to both homologues going to the
same pole, they rarely lead to failures of sister chro-
matid cohesion. This does not sit well with the obser-
vation that at least half of the observed nondisjunction
in human oocytes of both older and younger women
reflects errors of chromatid segregation, not homolog
segregation [11–13]. 
A likely resolution to this difficulty lies in work on
Drosophila oocytes by Sharon Bickel and collabora-
tors [14], published recently in Current Biology. They
analysed oocytes whose ability to maintain sister
chromatid cohesion had been partially impaired by
hypomorphic mutations in the ord gene. They found
that the presence of a defect in ord results in a
dramatic effect of oocyte aging on failures of the dis-
tributive system in Drosophila. Jeffreys et al. [14]
suggest that the observed oocyte age-dependent
nondisjunction may reflect the malfunction of one or
more components that are common to both sister
chromatid cohesion and perhaps homolog adhesion
as well.
The relationship between a defect in sister
chromatid cohesion and the ability to segregate distal-
only exchange bivalents is straightforward to
understand (see Figure 1). Exchanges can ensure chro-
mosome segregation only if they are bounded on both
sides by sister chromatid cohesion on the two
homologs; if that cohesion lapses, segregation can fail
[15,16]. Why a weak defect in sister chromatid cohe-
sion should impair true distributive — truly achiasmate
— segregation remains unclear. One excellent possi-
bility is that proteins like Ord which are required for
sister chromatid cohesion may also play significant
roles in mediating homolog—homolog adhesions, in a
fashion that is independent of promoting exchange.
Perhaps, as Jeffreys et al. [14] suggest, the Ord protein
plays a role in maintaining centromeric pairings as well
as in sister chromatid cohesion. Indeed, in a recent
study of the segregation of the apparently achiasmate
sex chromosomes of marsupial males, Page et al. [17]
documented a role of axial core proteins of meiotic
chromosomes in creating a ‘dense plate’ that
supercedes the need for a synaptonemal complex and
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exchange in holding homologs together. Taken
together, these observations suggest that both chro-
matid and chromosome nondisjunctional failures may
well reflect the errors of the distributive-type meiotic
systems in both Drosophila and human females.
The second problem with a simple ‘two-hit’ model
of age-dependent nondisjunction is the nature of the
second hit. A number of workers have suggested that
the ‘second hit’ may reflect the downstream effects of
a less precise control of oocyte maturation that might
be expected in peri-menopausal females [2–3].
Indeed, there is a long list of other models which
invoke such fanciful things as increased transposon-
induced breakage over-time, impaired ovarian circu-
lation and so forth. What has been sorely missing is a
powerful enough experimental system in which to test
such models. One component of such a system might
be the discovery of a drug or environmental agent that
induces high frequencies of nondisjunction in mam-
malian oocytes. By working out the mechanism of
action by which such an agent acts, we might well
begin to identify the crucial ‘targets’ for inducing failed
segregation in human oocytes.
As reported recently in Current Biology by Hunt et
al. [18], one such agent, the chemical bisphenol A
(BPA), has been shown to cause high frequencies of
nondisjunction in mouse oocytes. The discovery that
BPA functions as an aneugen follows an accidental
exposure to the agent of mice in the investigators’
mouse colony. (The report of this finding comprises a
lovely example of scientific detective work by the cast
of CSI: Cleveland.) To quote the authors, “BPA, a
man-made substance with estrogenic properties
induces both a dramatic increase in congression
failure and meiotic aneuploidy”.
Hunt et al. [18] note that their finding supports the
view that at least some failures in nondisjunction may
well reflect disturbed regulation of the final stages of
oocyte growth. But clearly there is much to be done to
determine whether or not the targets of BPA treatment
overlap those created by advancing maternal age, and
to identify both sets of targets. As the authors address
questions such as whether or not sensitivity to BPA
increases with maternal age, as well as identifying its
targets, they will also need to address the clear and
present issues of environmental safety raised by the
demonstration that this reasonably common man-made
compound can so powerfully impair female meiosis.
In both of these new studies [14,18], a connection
has been made that will allow the further dissection of
etiology of aneuploidy in a model system. The exten-
sion of the fly studies may well resolve the confusion
surrounding the connection between chromosomal
nondisjunction — in which both homologs go to one
pole — and chromatid mis-segregation events. It
should also identify important chromosomal targets
that underlie segregational failure, such as axial core
proteins or pairing proteins. The study of the effects of
BPA at the level of oocyte cell biology may well
provide critical clues as to the true nature of that
elusive ‘second hit’ in mammalian oocytes as well as
providing clues as to how to preserve the reproductive
potential of our rapidly aging species.
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Figure 1. The critical role of sister
chromatid cohesion in holding meiotic
bivalents together during meiotic
prometaphase and metaphase I.
(A) A pair of homologous chromosomes is
held tightly together at the metaphase
plate by two medial exchanges. Note that
the homologs are locked together only by
virtue of the sister chromatid cohesion
located distal to the two exchanges. The
lapsing of that cohesion would release the
two homologs from the bivalent. (B) The
same pair of homologs is now held
together only by a single very distal site of
cohesion. The centrosomes are no longer
in close apposition and loss of the small
region of sister chromatid cohesion distal
to the exchange would fully release the
two homologs. This may be considered a
more ‘fragile’ linkage than that shown in A.
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